Flower longevity is one of the most important traits for ornamental plants. Ethylene plays a crucial role in petal senescence in many plant species. Genes involved in ethylene biosynthesis, ethylene perception, and its signal transduction have been identified in several ornamental plants. Genetic modification of ethylene signaling genes has successfully improved flower longevity in several plant species. In contrast, regulatory mechanisms of petal senescence in flowers that show ethylene-independent senescence remain largely unknown. Japanese morning glory (Ipomoea nil) is a proposed model plant for ethylene-independent petal senescence, and an important role of autophagy in petal senescence has been highlighted in this plant. This review focused on our recent findings on ethylene signaling and our attempts to identify factors regulating ethylene-independent petal senescence.
Introduction
Petals in flowering plants senesce and are eventually shed after pollination or a certain period after flower opening, regardless of the pollination event. Senescence is a highly regulated developmental process and the time to petal senescence is species-specific. Petal senescence is usually classified as a process of programmed cell death (PCD) that is controlled developmentally by multiple genes (Pennell and Lamb, 1997; Rogers, 2006; van Doorn and Woltering, 2008) .
Patterns of petal senescence can be classified based on differences in how ethylene is involved. Some plant species such as carnation show ethylene-dependent petal senescence. In flowers of plant species showing ethylene-dependent senescence, an autocatalytic rise in endogenous ethylene production triggers petal senescence (van Doorn, 2001; Woltering and van Doorn, 1988) . Treatment to inhibit ethylene biosynthesis or treatment with action inhibitors substantially extends flower life, and exogenous ethylene accelerates senescence in these flowers (Ronen and Mayak, 1981; Veen and van de Geijn, 1978; Woltering and van Doorn, 1988) . On the other hand, ethylene has little effect on petal senescence in some plant species. Flowers of these species show ethylene-independent senescence and usually produce little ethylene during petal senescence. In these flowers, treatment with ethylene inhibitors does not improve flower longevity and exogenous ethylene does not accelerate petal senescence. Plants in this category include iris, daylily, gladiolus, Sandersonia, and chrysanthemum (Doi et al., 2003; Eason and de Vre, 1995; Lay-Yee et al., 1992; Serek et al., 1994; Woltering and van Doorn, 1988) . In addition to ethylene-dependent and -independent senescence, there are intermediate or mixed patterns of senescence. Flowers of daffodil and Campanula, for example, show ethylene-independent senescence in the absence of pollination in that there is little ethylene production and no or a limited response to ethylene inhibitors (Hunter et al., 2004; Kato et al., 2002) . Once pollinated, however, these flowers start producing ethylene, which causes accelerated petal senescence. The effect of pollination can be blocked by treatment with ethylene action inhibitors, and exogenous ethylene treatment accelerates senescence in these flowers. Flowers of other plants such as cyclamen senesce in response to ethylene only when pollinated (Halevy et al., 1984) . It should be noted here that patterns of petal senescence can vary even within species but are specific to cultivars. In some plant species, flower life is terminated by the abscission of flower parts in the presence or absence of petal senescence (van Doorn, 2001) . Ethylene is also known to be involved in the abscission of flower parts in plants such as Delphinium van Doorn, 2002) . This review mainly discuss petal senescence rather than the abscission of flower parts.
For flower species showing ethylene-dependent senescence, ethylene action inhibitors, such as silver thiosulphate complex (STS) and 1-methylcyclopropene (1-MCP), effectively extend the vase life of cut flowers and are used commercially. Genetic modification of ethylene biosynthesis or signaling genes has also been shown to successfully prolong flower longevity in several plant species. In contrast, the factors that regulate the onset and progression of petal senescence, or PCD in petals, in flowers showing ethylene-independent senescence are largely unknown, although these are of particular interest in horticulture. Recent advances in the physiology and molecular biology of petal senescence were previously reviewed (Ichimura, 2010; van Doorn and Woltering, 2008) . This review outlines our recent findings on ethylene signaling and our attempts to identify factors regulating ethylene-independent petal senescence.
Ethylene-dependent petal senescence

1) Overview of ethylene biosynthesis and signaling
The ethylene biosynthetic pathway in plants has been established, and genes encoding key enzymes have been isolated (Fluhr and Mattoo, 1996; Kende, 1993; Lin et al., 2009) . Ethylene is synthesized through the following pathway: L-methionine → S-adenosyl-L-methionine → 1-aminocyclopropane-1-carboxylic acid (ACC) → ethylene. The last two reactions are catalyzed by ACC synthase and ACC oxidase, which have been shown to be encoded by multi-gene families with spatial and temporal regulation by various endogenous cues and environmental stimuli (Fluhr and Mattoo, 1996; Jones and Woodson, 1999a; Nakatsuka et al., 1998; Shibuya and Ichimura, 2010; Yangkhamman et al., 2007) . Recent reports suggest that ACC synthase activity is also regulated post-translationally (Lin et al., 2009; Tatsuki, 2010) .
In Arabidopsis thaliana, ethylene signaling is mediated by a complex multicomponent pathway (Lin et al., 2009) . ETR1 (ETHYLENE RESPONSE1), which encodes a His kinase with homology to bacterial twocomponent regulators, has been identified as an ethylene receptor (Chang et al., 1993) . Five ethylene receptor genes have been cloned from A. thaliana (Hua et al., 1995; Sakai et al., 1998) . Analysis of loss-of-function mutations in multiple receptors has shown that these receptors are negative regulators of ethylene responses . The receptors act through CTR1 (CONSTITUTIVE TRIPLE RESPONSE1), which is homologous to the Raf family of Ser/Thr kinases and negatively regulates ethylene signaling (Huang et al., 2003; Kieber et al., 1993) . Downstream of the receptor-CTR1 complex is EIN2 (ETHYLENE INSENSITIVE2), which has homology to Nramp metal transporters and positively regulates signaling (Alonso et al., 1999) . EIN2 has recently been shown to undergo proteasomemediated turnover (Qiao et al., 2009) . Toward the end of the signaling pathway, ethylene responses are mediated by transcription factors including the gene families for EIN3 (ETHYLENE INSENSITIVE3) and ERF1 (ETHYLENE RESPONSE FACTOR1) (Chao et al., 1997; Solano et al., 1998) . Regulation of the stability of EIN3 protein is a key in the ethylene response (Guo and Ecker, 2003; Yanagisawa et al., 2003) .
2) Ethylene signaling in petal senescence
In ethylene-dependent senescence, endogenously produced ethylene regulates petal senescence. In carnation petals, for example, autocatalytic ethylene production is induced several days after full opening of flowers in natural (un-pollinated) senescence or several hours after compatible pollination, resulting in petal wilting (Borochov and Woodson, 1989; Larsen et al., 1995; Nichols, 1977) . During natural senescence in carnation flowers, ethylene is first produced in the gynoecium and later in petals (ten Have and Woltering, 1997) . The expression of ACC synthase and ACC oxidase genes has been shown to increase in the gynoecium earlier than in petals, which is consistent with the observed ethylene production. Ethylene produced in the gynoecium has been proposed to be the signal that induces ethylene production in petals, as careful removal of the gynoecium prevents increases in petal-derived ethylene production and markedly prolongs flower life ( Fig. 1 ; Satoh, 2011; Shibuya et al., 2000) . Ethylene produced in the gynoecium is also thought to be a primary signal for pollination-induced petal senescence in carnation Woodson, 1997, 1999b) .
Ethylene from the gynoecium and/or endogenously induced ethylene in petals by other stimuli are perceived by ethylene receptors in petals and induce an autocatalytic increase in ethylene production, leading to petal senescence in ethylene-dependent flowers. In recent years, several groups have isolated the genes for ethylene receptors and signal components in several ornamental plants. Genes for ethylene receptors have been reported so far in geranium (Dervinis et al., 2000) , Fig. 1 . Inter-organ regulation of petal senescence in carnation. During natural senescence of carnation flowers, ethylene production is first induced in the gynoecium by an unknown factor, and the ethylene diffuses and triggers autocatalytic ethylene production and senescence in the petals.
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rose (Muller et al., 2000) , carnation (Shibuya et al., 2002) , Delphinium (Kuroda et al., 2003; Tanase and Ichimura, 2006) , chrysanthemum (Narumi et al., 2005) , gladiolus (Arora et al., 2006) , petunia (Wang and Kumar, 2007) , and tree peony (Zhou et al., 2010) . The genes encoding ethylene receptors show varying expression patterns during flower senescence among species. In carnation, for example, three ethylene receptor genes, DcERS1, DcERS2, and DcETR1, were identified. DcERS2 and DcETR1 transcripts were present in considerable levels in petals at the full-opening stage (Shibuya et al., 2002) . The levels of transcripts for DcERS2 and DcETR1 did not show clear changes in the petals during flower senescence, although the DcERS2 transcript showed a decreasing trend when approaching the flower senescence stage. DcERS1 mRNA was not detected in petals at any stage (Shibuya et al., 2002) . Onozaki et al. (2004) reported that ethylene sensitivity is high in the full-opening stage and decreases in the senescing petals of carnation; however, as ethylene receptors are negative regulators of ethylene signaling, it is thought that depletion leads to a progressive increase in ethylene sensitivity . The inconsistency of the relationship between transcript levels of ethylene receptors and ethylene sensitivity in carnation petals could be explained by post-translational regulation of ethylene receptor proteins. Recently, Kevany et al. (2007) showed that protein levels for ethylene receptors in tomato are distinct from corresponding transcript levels during fruit development; transcript levels increase as fruit ripens whereas protein levels are at their highest during the development of immature fruit and decline at the onset of ripening. They also showed that the receptors are rapidly degraded in the presence of ethylene and thus proposed a model in which receptor levels modulate the timing of fruit ripening onset by cumulative ethylene exposure. Similar regulation of the ethylene response is expected to be involved in the modulation of petal senescence. Analysis of ethylene receptors at the protein level is necessary for the study of petal senescence. Transgenic petunia lines have been used to evaluate the involvement of ethylene signaling genes in petal senescence. The importance of ethylene perception in petal senescence has been clearly shown in transgenic petunia expressing the mutated ethylene receptor gene, etr1-1, which is a dominant mutant of the A. thaliana ethylene receptor gene. This gene codes for a mutation in the amino terminal sensor domain that leads to the failure of ethylene binding and, thus, decreased ethylene sensitivity in A. thaliana (Chang et al., 1993; Schaller and Bleecker, 1995) . Transgenic petunia plants expressing the etr1-1 transgene exhibit strong ethylene insensitivity and marked delays in petal senescence, indicating that the perception of ethylene is essential to triggering petal senescence in petunia (Wilkinson et al., 1997) .
Another gene identified in A. thaliana, EIN2, is a single copy gene and the only gene known in which loss of function mutations result in complete loss of ethylene responsiveness (Chen and Bleecker, 1995; Roman et al., 1995) . EIN2 homologs have been isolated in petunia (Shibuya et al., 2004) and carnation (Fu et al., 2011) . Analysis of the role of EIN2 in petal senescence in petunia using transgenic plants with reduced PhEIN2 expression showed that transgenic plants exhibited significant delays in petal senescence after pollination and exogenous ethylene treatment (Shibuya et al., 2004) . The petals of the transgenic plants were still turgid even after the ovaries had fully expanded (Fig. 2) . These results indicate that PhEIN2 is in the ethylene signaling pathway leading to petal senescence. Compared to wildtype plants, PhEIN2 transgenic plants showed a delay in fruit ripening, inhibited adventitious root and seedling root hair formation, premature death, and increased hypocotyl length in seedling ethylene response assays, in addition to delayed petal senescence, demonstrating that PhEIN2 mediates ethylene signals in a wide range of physiological processes.
EIN3 homologs have been isolated from carnation (Iordachescu and Verlinden, 2005; Waki et al., 2001) , petunia (Ciardi et al., 2003; Shibuya and Clark, 2006) , rose (Muller et al., 2003) , and tree peony (Zhou et al., 2010) . In petunia, the role of EIN3 in petal senescence was analyzed by producing transgenic plants with reduced EIN3 expression. Petunia has at least three EIN3 homologs (PhEIL1, PhEIL2, and PhEIL3), and suppression of PhEIL2 expression was shown to delay petal senescence (Ciardi et al., 2003; Shibuya and Clark, 2006) ; however, the effect on flower longevity was not as pronounced in these transgenic plants as it was in etr1-1 or PhEIN2 transgenic plants. It has been shown that transgenic tomato plants with reduced expression of a single EIN3 gene do not show a significant change in ethylene responsiveness, but reduced expression of multiple EIN3 genes is required to reduce ethylene sensitivity, likely due to functional redundancy (Tieman et al., 2001 ). Petunia EIN3 genes may have a redundant function in ethylene signaling during petal senescence. Studies on ethylene signal transduction in model plants have revealed a complex regulatory mechanism for ethylene responses (Lin et al., 2009 ). In ethylenedependent petal senescence, ethylene signals appear to be highly regulated at multiple steps.
3) Transgenic approaches to improve flower longevity
Ethylene biosynthesis and signaling pathway studies have provided tools for the genetic control of ethylene effects and, indeed, transgenic techniques have been applied to several ornamental plants to improve flower longevity (Shibuya and Clark, 2006) . As with chemical approaches, manipulation of genes involved in ethylene perception or signal transduction is an efficient way to inhibit the effects of ethylene in flower senescence. In petunia, suppression of ethylene signaling components such as EIN2 and EIN3 has been shown to prolong flower life, as described above. However, improving flower longevity by controlling ethylene effects through the introduction of a mutated ethylene receptor gene, such as etr1-1, is a particularly desirable strategy because introducing a single gene construct could confer ethylene insensitivity in a variety of heterologous plant species (Wilkinson et al., 1997) . This strategy has been applied to several ornamental crops, including Campanula, carnation, Kalanchoe, Nemesia, and torenia, and has been shown to successfully prolong flower longevity (Table 1) . There is a concern in producing transgenic plants with reduced ethylene sensitivity that the physiological side effects of ethylene insensitivity may limit their commercial use. For example, ethyleneinsensitive transgenic petunia exhibited inhibition of adventitious root formation and a high percentage of premature death (Clark et al., 1999; Shibuya et al., 2004) .
These negative side effects are a result of constitutive ethylene insensitivity in transgenic plants, and the key to circumventing these undesirable side effects is to use a promoter that expresses the transgene only in the target tissue and only at the correct time. For the example presented here, the promoter from the petunia FBP1 (FLORAL BINDING PROTEIN1) gene would be effective. FBP1 is a floral organ identity gene, which is expressed exclusively in petals and stamens (Angenent et al., 1992) . This promoter has been used to control the etr1-1 gene in transgenic carnation (Bovy et al., 1999) , Campanula (Sriskandarajah et al., 2007) , and Kalanchoe (Sanikhani et al., 2008) with limited side effects. In petunia, petal-specific genes (FS19, FS26, FS37, and FS44) have been identified using a microarray, and their promoter regions have been isolated (Clark et al., 2007) . FS37 and FS44 were found to be identical to FBP1 and FBP3, respectively, while FS19 and FS26 encode functionally unknown proteins comprising a conserved AMP (adenosine 3',5'-monophosphate)-binding domain and RING (really interesting new gene)-finger domain, respectively. The promoters of these genes can be used not only to improve flower longevity but also to manipulate flower color, shape, and scent.
2. Ethylene-independent petal senescence 1) Japanese morning glory (Ipomoea nil) as a model plant for ethylene-independent petal senescence The factors that regulate the onset and progression of petal senescence, or PCD in petals, in the flowers of plants showing ethylene-independent senescence are largely unknown. To identify the genes involved in the regulation of petal senescence, differential screening and microarray analysis have been conducted on several plant species for which the flowers senesce independently of ethylene, such as daylily (Panavas et al., 1999) , daffodil (Hunter et al., 2002) , and iris (van Doorn et al., 2003) . These analyses have identified the up-or downregulation of numerous genes that are likely to be related to the degradation and remobilization of macromolecules as well as many genes with unknown function, but no genes that specifically regulate petal senescence have yet been identified. The lack of effective transformation methods and the long period to flowering makes it difficult to determine the function of genes isolated in these plant species; therefore, an alternative model species is sought that shows ethylene-independent senescence, can easily be transformed and regenerated, and has a short life cycle. Morning glory (including Ipomoea nil, Ipomoea purpurea, and Ipomoea tricolor) has ephemeral flowers that open in the morning and generally show petal senescence symptoms characterized by inward rolling and color change within the same day. Because of the ephemeral nature of its flowers, these plants have been used in several studies on petal senescence (Hanson and Kende, 1975; Kende and Baumgartner, 1974; Matile and Winkenbach, 1971; Yamada et al., 2006) . Recently, EST (expressed sequence tag) database and effective transformation methods have been established in I. nil (Ono et al., 2000; Shimizu et al., 2003) .
The flowers of I. tricolor and I. nil were shown to produce ethylene during flower opening and in the late stages of senescence with exogenous ethylene hastening the inward rolling of petals (Kende and Baumgartner, 1974; Shinozaki et al., 2011; Yamada et al., 2006) . However, endogenous ethylene may not be obligatory in petal senescence of these flowers since almost complete inhibition of ethylene production in excised petal segments of I. tricolor by the ethoxy analog of rhizobitoxine, a potent inhibitor of ethylene biosynthesis, did not abolish inward rolling, although it was delayed slightly (Kende and Hanson, 1976) . They further reported that excised petal segments showed close parallel senescence progression with intact flowers for both inward rolling and color change, suggesting that petal senescence is regulated autonomously rather than by inter-organ signaling in the plant. More recently, Yamada et al. (2006) showed that treatment with 1-MCP and aminoethoxyvinyl glycine (AVG), a specific ethylene action inhibitor and an effective ethylene biosynthesis inhibitor, respectively, did not delay inward rolling of I. nil 'Violet' petals, although ethylene production was almost completely inhibited in AVGtreated flowers. Similar results have been reported for ethylene biosynthesis inhibitor, aminooxyacetic acid (AOA), in 'Violet', but the effect of AOA varied among I. nil cultivars (Shinozaki et al., 2011) . These observations indicate that endogenous ethylene does not regulate petal senescence in I. nil; rather, the petals senesce independently of ethylene, at least in cultivar 'Violet'. Petal senescence in 'Violet' has been shown to be markedly delayed by treatment with cycloheximide and actinomycin D, which inhibit protein and RNA synthesis, respectively, indicating that active synthesis of RNA and proteins is required to induce petal senescence (Yamada et al., 2006 (Yamada et al., , 2007 . This plant is known to show distinct PCD symptoms, including DNA degradation and chromatin condensation, during petal senescence (Yamada et al., 2006) . The intermediate nature of senescence in I. nil 'Violet', in which petal senesce is regulated independently of endogenous ethylene but it is accelerated by exogenous ethylene, provides a good model system for studies on petal senescence.
2) Search for genes regulating petal senescence in I. nil
In I. nil 'Violet', genes showing changes in expression during petal senescence (petal senescence-related genes [PSRs]) have been isolated by cDNA subtraction (Yamada et al., 2007) . These genes include previously identified senescence-associated genes, such as cysteine protease genes, but also several genes with unknown functions. To determine the function of the newly isolated genes, transgenic plants with reduced expression of PSRs were produced.
InPSR26 is a PSR that encodes a putative membrane protein with unknown function. InPSR26 is dominantly expressed in petal limbs and its transcript level increases prior to the onset of visible senescence symptoms. Transgenic plants with reduced InPSR26 expression (PSR26r lines) showed accelerated petal wilting, PCD symptoms including cell collapse, ion and anthocyanin leakage, and accelerated DNA degradation in petals compared to wild-type plants, indicating that InPSR26 is involved in the regulation of PCD during petal senescence (Shibuya et al., 2009c) . Interestingly, transcript levels of autophagy-related genes (InATG4, InATG8) were lower in the petals of PSR26r plants. Autophagy is a bulk degradation system of proteins and is thought to play an important role in petal senescence, as described below. The percentage of cells containing monodansylcadaverine (MDC)-stained autophagic structures was significantly lower in the petals of PSR26r plants, indicating reduced autophagic activity. Thus, InPSR26 is suggested to delay the progression of PCD during petal senescence, possibly through regulation of the autophagic process (Shibuya et al., 2009c) . As suppression of InPSR26 resulted in accelerated petal senescence, transgenic plants with the overexpression of InPSR26 could be used to analyze whether senescence of the petals would be delayed. In preliminary tests, constitutive overexpression of InPSR26 resulted in abnormal growth of transgenic plants with smaller flowers and curled leaves. As the flowers of these transgenic plants did not fully open, its effects on petal senescence were unclear (unpublished).
Transgenic 'Violet' plants with suppressed expression of other PSRs have also been analyzed. Transgenic plants with reduced InPSR29 (In29) expression, which encodes a leucin-rich repeat transmembrane protein kinase, displayed accelerated petal senescence (Li et al., 2009 ). However, many PSRs, including InPSR12, InPSR23, InPSR32, and InPSR36, which show homology with putative ripening protein, pectinacetylesterase family protein, SEC14 cytosolic factor, and putative senescenceassociated protein, respectively, did not show clear changes in petal senescence (unpublished). These genes do not seem to play a regulatory role in petal senescence, despite being up-regulated during petal senescence. It is also possible that these genes form a gene family and, thus, suppression of a single member does not result in phenotype changes due to functional redundancy among the members. Transgenic plants expressing several PRSs died prematually, likely due to their essential role in development. PSR screening by cDNA subtraction identified few transcription factors. Analysis focusing on transcription factors would likely be effective for revealing the regulatory network of petal senescence. A microarray platform for I. nil flowers has been established and analyses to find genes controlling petal senescence are currently being conducted.
3) Role of autophagy in petal senescence
In senescing petals of I. purpurea, Matile and Winkenbach (1971) observed numerous vesicles and cytoplasmic components in the vacuoles by electron microscopy, indicating autophagic processes. As autophagy is one of the main mechanisms responsible for the degradation and remobilization of macromolecules, it seems to play an essential role in petal senescence. In plants, transport to the vacuole is described by the two major autophagic pathways of micro-and macroautophagy; the term "autophagy" generally refers to macroautophagy (Bassham et al., 2006; Thompson and Vierstra, 2005) . Microautophagy involves sequestration of the cytoplasm by invagination of the tonoplast. Macroautophagy, by contrast, involves entrapment of proteins of the cytosol by double-membrane vesicles called autophagosomes, where the outer membrane of the autophagosome fuses with the tonoplast to release the internal vesicle into the vacuole as an autophagic body for degradation (Thompson and Vierstra, 2005) . Several genes involved in autophagic processes (autophagy-related genes, ATG) have been identified in budding yeast (Saccharomyces cerevisiae) and ATG homologs have been isolated in A. thaliana (Bassham et al., 2006; Ohsumi, 2001) .
Recently, Shibuya et al. (2009c) observed autophagic structures, which are visualized by MDC staining, in protoplasts prepared from senescing petals of I. nil 'Violet'. MDC-stained structures were observed primarily in the cytoplasm but were observed occasionally within the vacuoles of protoplasts (Fig. 3) . This observation is consistent with the function of autophagy, which is to transfer cytoplasmic materials to the vacuole for degradation. The percentage of protoplasts containing MDC-stained structures was greater in the petal limbs of opened flowers compared to buds, and it increased as the petals senesced. These results suggest that autophagic activity is up-regulated during flower opening and petal senescence in I. nil (Fig. 4) . Induction of autophagy in senescing petals of 'Violet' has been shown to occur at the molecular level. One of the ATG proteins, ATG8, is an ubiquitin-like peptide tag which is necessary for autophagosome formation (Ohsumi, 2001) . In 'Violet', five out of six isolated ATG8 homologs were up-regulated in senescing petals, suggesting that multiple members of the ATG8 gene family are involved in the regulation of autophagy during petal senescence (Shibuya et al., 2011) . The induction of ATG8 protein in senescing petals was confirmed by the expression of GFP:ATG8f fusion protein in stably transformed 'Violet' plants (Fig. 3) . These results together with observations by MDC staining indicate that autophagy is induced during petal senescence in 'Violet', suggesting that autophagy plays an important role in petal senescence. Similar autophagic phenomena have been observed by electron microscopy in senescing Autophagic activity increases during flower opening and petal senescence in I. nil 'Violet'. Autophagy in the petals at the normal basal level contributes to cell survival in the presenescent stage. In senescing petals, increased autophagic activity degrades cellular components for the recovery and translocation of nutrients to growing tissue, such as developing seeds. petals of carnation (Smith et al., 1992) and petunia (unpublished). Autophagy occurs in a wide range of eukaryotic species and generally plays a role in cell survival by recycling nutrients and removing damaged proteins (Thompson and Vierstra, 2005) . Autophagy has been shown to play a role in delaying PCD during leaf senescence, as suppression of autophagy results in accelerated leaf senescence under nutrient-deficient conditions in A. thaliana loss-of-function ATG mutants (Bassham et al., 2006) . Treatment with 3-methyladenin, an autophagy inhibitor, has been reported to accelerate the petal senescence of detached 'Violet' flowers . Furthermore, suppressed expression of InPSR26 resulted in reduced autophagic activity and accelerated PCD during petal senescence in 'Violet', as described above. These results suggest that autophagy plays a role in delaying the petal senescence of 'Violet' as in leaf senescence (Shibuya et al., 2009b, c) ; however, increased autophagic activity in senescing petals has been thought to cause autophagy-associated cell death leading to petal senescence. As autophagy at the normal basal level is required to keep cells healthy by removing damaged proteins and contributes to cell survival by recycling nutrients, the suppression of autophagy may cause precocious cell death in presenescent stages of the petals, resulting in accelerated petal senescence (Fig. 4) . In senescing petals, increased autophagic activity would result in the massive degradation of cellular components for the recovery and translocation of nutrients from dying tissue to growing tissue of the plant, such as developing seeds, and is accompanied by cell death (Fig. 4) ; however, autophagy is seldom verified as the mechanism underlying PCD in animals (Klionsky et al., 2008) , and such processes have not been reported for plants (van Doorn and Woltering, 2008) . It is unclear whether autophagy is the direct cause of cell death in petal senescence; thus, is it possible to delay petal senescence by manipulating autophagic activity? It might be possible to do so in theory if the increase in autophagic activity at late stages of senescence could be suppressed to a sufficient level.
Conclusion and future study
Ethylene is clearly a key factor that regulates petal senescence in many flowers. As ethylene biosynthetic and signaling pathways have been well characterized, it is now possible to control for the ethylene effect by chemical treatment or genetic modification; however, how the onset of the increase in ethylene production is regulated is not yet fully understood, although gynoecium has been suggested to play a role in carnations. In flowers that show ethylene-independent senescence, the regulatory mechanisms of petal senescence remain largely unknown. Large-scale screening of senescence-associated genes in I. nil 'Violet' by microarray and/or extensive sequencing would identify key factors in petal senescence. Recently, several transcription factors that regulate leaf senescence have been identified (Nam et al., 2007) . Furthermore, microRNA has been reported to be involved in the regulatory network of leaf senescence (Kim et al., 2009) . As the development of PCD symptoms in petals showing ethylene-independent senescence somewhat resembles those processes in leaf senescence, the regulation of both may be due to a common mechanism.
As for ethylene-dependent flowers, once the factors regulating ethylene-independent senescence have been identified, the results can be applied to improve flower longevity in two ways: genetic modification and chemical control. For genetic modification, an effective transformation system in target species will be required, and avoiding the spread of transgenes into the environment will need to be considered. Transgene-free transformation techniques that utilize gene regulation by DNA methylation could address this concern (Jones et al., 2001; Shibuya et al., 2009a) . For chemical approaches, large-scale screening of chemicals using chemical libraries or arrays has recently been applied from several aspects in plants (Schreiber et al., 2008) . These techniques will be powerful tools for identifying inhibitors or activators of the identified petal senescence factors.
